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Abstract: Gait disturbances, including freezing of gait, are frequent and disabling symptoms of Parkin-
son’s disease. They often respond poorly to dopaminergic treatments. Although recent studies have
shed some light on their neural correlates, their modulation by dopaminergic treatment remains quite
unknown. Specifically, the influence of levodopa on the networks involved in motor imagery (MI) of
parkinsonian gait has not been directly studied, comparing the off and on medication states in the
same patients. We therefore conducted an [H2

150] Positron emission tomography study in eight
advanced parkinsonian patients (mean disease duration: 12.3 6 3.8 years) presenting with levodopa-
responsive gait disorders and FoG, and eight age-matched healthy subjects. All participants performed
three tasks (MI of gait, visual imagery and a control task). Patients were tested off, after an overnight
withdrawal of all antiparkinsonian treatment, and on medication, during consecutive mornings. The
order of conditions was counterbalanced between subjects and sessions. Results showed that imagined
gait elicited activations within motor and frontal associative areas, thalamus, basal ganglia and
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cerebellum in controls. Off medication, patients mainly activated premotor-parietal and pontomesence-
phalic regions. Levodopa increased activation in motor regions, putamen, thalamus, and cerebellum,
and reduced premotor-parietal and brainstem involvement. Areas activated when patients are off medi-
cation may represent compensatory mechanisms. The recruitment of these accessory circuits has also
been reported for upper-limb movements in Parkinson’s disease, suggesting a partly overlapping
pathophysiology between imagined levodopa-responsive gait disorders and appendicular signs. Our
results also highlight a possible cerebellar contribution in the pathophysiology of parkinsonian gait dis-
orders through kinesthetic imagery. Hum Brain Mapp 36:959–980, 2015. VC 2014 Wiley Periodicals, Inc.

Key words: Parkinson’s disease; gait disorders; freezing of gait; kinesthetic motor imagery; PET imaging;
levodopa
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INTRODUCTION

Gait disorders—ranging from hypokinetic gait to a sud-
den inability to produce steps at initiation or during walk-
ing, called freezing of gait (FoG) [Giladi and Nieuwboer,
2008]-are very debilitating and poorly understood features
of Parkinson’s disease [Nutt et al., 2011a,b]. They can be
responsible for falls, and greatly affect patients’ mobility,
autonomy, and quality of life [Bloem et al., 2004; Nutt
et al., 2011a,b]. In advanced Parkinson’s disease, their
response to pharmacological and surgical therapies is often
unsatisfactory, despite initial improvement at onset of
treatment [Ferraye et al., 2008]. The diversity of gait diffi-
culties and their complex and inconstant response to dopa-
minergic medication [Espay et al., 2012; Fox, 2013;
Vercruysse et al., 2012] suggest the involvement of nondo-
paminergic structures beyond the nigrostriatal disruption
[Bonnet et al., 1987; Devos et al., 2010]. Structural and/or
functional alterations of fronto-parieto-occipital areas, cere-
bellum and brainstem have been evoked [Bartels and
Leenders, 2008; Bartels et al., 2006; Cr�emers et al., 2012;
Fling et al., 2013; Kostic et al., 2012; Peterson et al.,
2014a,b; Shine et al., 2013a,b; Snijders et al., 2011; Tessitore
et al., 2012a,b]. Yet, a better understanding of the mecha-

nisms underlying parkinsonian gait disorders and their
modulation by treatments is needed.

As current neuroimaging techniques are not compatible
with the study of actual gait, motor imagery (MI), that is,
the mental simulation of a movement without overt execu-
tion [Jeannerod, 1994], appears well suited to address this
issue. Over the last decades, numerous studies have used
MI to explore the neural correlates of normal and
pathological movement, highlighting significant overlap
between the substrates of actual and imagined actions,
including in patients with Parkinson’s disease [Guillot
et al., 2009, 2012; Munzert and Zentgraf, 2009; Samuel
et al., 2001; Solodkin et al., 2004; Stephan et al., 1995; Tho-
bois et al., 2000, 2002]. However, the use of MI to study
the neural basis of motor control calls for methodological
caution. First, the subjects’ ability to adequately imagine
actions needs to be ascertained [Maillet et al., 2012a, 2013],
as this ability varies among individuals [Mulder et al.,
2007; van der Meulen et al., 2014] and can be further
affected by age [Saimpont et al., 2012, 2013; Zapparoli
et al., 2013] and disease [Cohen et al., 2011; Helmich et al.,
2007]. Furthermore, kinesthetic MI, that is, evoking the
sensations triggered by the movements, is particularly rel-
evant to study motor control [Guillot et al., 2009; Stinear
et al., 2006; Voisin et al., 2011]. Specific tools enable assess-
ment of MI ability, such as the kinesthetic and visual
imagery (VI) questionnaire [KVIQ, Malouin et al., 2007],
recently validated in Parkinson’s disease [Heremans et al.,
2011; Pickett et al., 2013; Randhawa et al., 2010]. Acquisi-
tion of reliable neuroimaging data also depends on the
subjects actually performing the targeted task during scan-
ning. This can be controlled using Fitts’ law [Fitts, 1954],
which states that the time needed to perform an action
increases with its difficulty. Regarding gait, previous stud-
ies have confirmed that the time to physically or mentally
walk along a path increases with increasing length and
decreasing width, in controls and in parkinsonian patients
with or without medication [Bakker et al., 2007, 2008;
Maillet et al., 2013; Snijders et al., 2011; Stevens, 2005].

In recent years, MI has been increasingly used to inves-
tigate the neural control of normal and parkinsonian gait
[Allali et al., 2014; Bakker et al., 2008; Cr�emers et al.,
2011, 2012; Karachi et al., 2010, 2012; La Fougère et al.,

Abbreviations

AW actual walking
BA Brodmann’s areas
C control task
DBS deep brain stimulation
FoG freezing of gait
FWE family wise error
MDS-UPDRS movement disorders society unified parkinson

disease rating scale
FWHM full width at half maximum
MI motor imagery
off off dopaminergic medication
on on dopaminergic medication
PD Parkinson’s disease
PET positron emission tomography
rCBF regional cerebral blood flow
VI visual imagery
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2010; Malouin et al., 2003; Peterson et al., 2014a,b;
Snijders et al., 2011; Wai et al., 2012; see review by Maillet
et al., 2012a]. Overall, these studies have confirmed the
involvement of frontoparietal areas, basal ganglia (BG),
cerebellum, and brainstem during MI of natural gait in
controls. Regarding parkinsonian patients with gait disor-
ders, frontoparietal and cingulate hypoactivations have
been highlighted, both on [Cr�emers et al., 2012] and off
[Peterson et al., 2014a,b; Snijders et al., 2011] medication.
In addition, a pontomesencephalic overactivation was
also reported during imagined gait off medication in
patients with, compared to without, FoG [Snijders et al.,
2011]. Conversely, pontomesencephalic hypoactivation
was reported in patients under dopaminergic treatment
relative to controls [Cr�emers et al., 2012]. Yet, to date, the
influence of levodopa on the networks involved in MI of
parkinsonian gait has not been directly studied, compar-
ing the off and on medication states in the same patients.

We therefore adapted for [H2
150]-positron emission

tomography (PET) a previously validated protocol of MI of
gait [Bakker et al., 2007, 2008; Snijders et al., 2011] to explore
within subjects the modulation by levodopa of the gait-
related cerebral correlates in eight patients with levodopa-
responsive gait disorders and FoG. As this study was part of
a larger project including patients with levodopa-resistant
FoG treated by pedunculopontine nucleus stimulation (not
included in the present study), we used PET instead of fMRI
that is contra-indicated for patients with deep brain stimula-
tion (DBS).

MATERIAL AND METHODS

Participants

Eight patients (four men; mean age 5 63.3 6 6.3 years,
range [52–73]) with advanced Parkinson’s disease (mean
Hoehn and Yahr stage 5 3.4 6 0.5; mean disease duration 5

12.3 6 3.8 years, range [8–19]), gait disorders and FoG, and
eight age and gender-matched healthy controls (four men;
mean age 5 62.9 6 6.7 years; range [49–70]) were recruited in
the Grenoble, Lyon, and Clermont-Ferrand University Hos-
pitals (Table I). All subjects were right-handed [Edinburgh
Handedness Inventory score> 70/100—Oldfield, 1971].
Exclusion criteria included cognitive impairment [mini men-
tal state examination score< 27/30—Folstein et al., 1975;
frontal assessment battery score< 14/18—Dubois et al.,
2000; and for patients, Mattis dementia rating scale score-
< 130/144—Schmidt et al., 1994], orthopedic or psychiatric
disorders, marked resting tremor, and neurosurgery. The
patients fulfilled the UK Parkinson’s disease Brain Bank Cri-
teria [Gibb and Lees, 1988] for the diagnosis of idiopathic
Parkinson’s disease and received chronic dopaminergic anti-
parkinsonian treatment. They were included if their gait dis-
orders were improved by at least 1 point on compared to off
medication with on scores< 2/4 for both the gait and FoG
items of the Movement Disorders Society Unified Parkinson
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Disease Rating Scale motor section [MDS-UPDRS III—Goetz
et al., 2008] during objective assessment. The study was
approved by the Grenoble ethics committee and conducted
in accordance with the Declaration of Helsinki. All partici-
pants provided written consent.

Assessment of MI abilities

Participants’ ability to perform MI was assessed using the
KVIQ, which includes visual (KVIQ-v) and kinesthetic
(KVIQ-k) subscales, administered as prescribed by Malouin
et al. [2007]. This 100-points scale requests physical execu-
tion of 10 movements (involving the head, shoulders, trunk,
upper, and lower limbs), followed by their mental represen-
tation, for each of the two modalities. Participants are asked
to rate the clarity of the visual image or the intensity of the

sensations associated with each imagined action on a 5-
points scale (from 0 5 “no image/sensation” to 5 5 “very
clear image/intense sensation”), a higher score reflecting a
greater MI ability. Patients were assessed under usual treat-
ment. Subjects were then further trained to kinesthetically
imaging segmental and whole body movements. Briefly,
this training first consisted in inducing a relaxation state.
Subjects were then asked to actually perform a given motor
task, the eyes closed, while specifically focusing on the sen-
sations associated with the action. After a few repetitions,
they had to mentally evoke the sensations of the action
without actually making it. They were also asked to rate
the intensity of the sensations perceived during the mental
representation, using the 5-points scale of the KVIQ.
The training involved actual and mental performance of
seven different movements, including gait tasks. They were
included if their KVIQ-k score was �30/50 after training.

Experimental Design

PET acquisitions were preceded by a behavioral session
designed to familiarize the subjects with the experimental
tasks. A maximum of 4 weeks separated the behavioral and
the scanning sessions. For the patients, each session
included two assessments on two consecutive mornings,
without “off” and with “on” dopaminergic medication. The
off state evaluation was performed after an overnight (12 h)
withdrawal of all antiparkinsonian treatment [Langston
et al., 1992]. The on assessment was performed after admin-
istration of 120% of the usual morning levodopa-equivalent
dose. Clinical assessments also included the motor section
of the MDS-UPDRS and the Gait and balance scale (GABS;
Thomas et al., 2004]. The order of conditions was counter-
balanced between subjects and sessions. Controls were
tested only once. The patients’ clinical features are detailed
in Table I.

Behavioral Session

Experimental tasks

During the behavioral session, the subjects performed
three tasks, that is, actual walking (AW), MI of gait, and
VI [Bakker et al., 2007, 2008].

AW was performed on black linoleum paths of two lengths
(6 and 10 m) and widths (27 and 9 cm) placed in a corridor,
and was videotaped. Subjects had to walk along the paths at a
comfortable pace. The wide paths allowed for natural walk-
ing, while the narrow paths required close attention to feet
placement. The starting and end points were marked by a
green and a yellow square, respectively. Duration of AW and
FoG episodes was recorded with a stopwatch. AW was per-
formed after MI to minimize the effect of tacit knowledge of
the time needed to actually walk along the paths.

The imagery tasks were supported by photographs of
the paths presented on a computer screen using the Pre-
sentationVR software (Neurobehavioral Systems, Albany).

Figure 1.

Examples of photographs used for MI and VI trials during the

behavioral session. Pictures showing black paths of different

lengths (6 or 10 m) and widths (9 or 27 cm) on which subjects

were asked to imagine walking or seeing a puck moving. The same

paths were used for actual gait. A green square marked the start-

ing point and a yellow square the end point (at 6 or 10 meters

from the starting point) for the MI trials. For the VI trials, the par-

ticipants were asked to imagine seeing a blue puck moving along

the different paths until it reached the yellow square (adapted

from Bakker et al., 2007). (a) and (b): MI [(a) 5 6 m*27 cm path;

(b) 5 10 m*9 cm path]; c and d: VI [(c) 5 10 m*27 cm path;

(d) 5 6 m*9 cm path]. [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com.]
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During MI, subjects had to imagine walking on the paths
from the green square to the yellow square (Fig. 1a,b),
using a kinesthetic perspective without producing any
actual movements. Patients were instructed to imagine
walking in their actual state, that is, with the motor diffi-
culties experienced under each medication condition.
Before performing MI, participants were allowed to walk
few meters along each path to get acquainted with the
bandwidth constraints. The VI task consisted in imagining
a blue puck moving along the paths until it reached the
yellow square (Fig. 1c,d). Prior to VI, the subjects watched
a video showing the puck moving in the corridor. Subjects
were requested to press a button to indicate when they
started, and again when they, or the puck, reached the
end mark. These tasks were performed sitting with the
eyes closed, as the patients could not sustain prolonged
standing under the off treatment condition. Subjects were
asked to report the ease with which they had evoked the
sensations or images and, for the patients, whether they
had imagined FoG. Three trials on each path were per-
formed for each task, for a total of 12 randomized trials.
The three tasks were performed in successive sessions of
about 30 min each, separated by a break. Imagery task
order was counterbalanced across subjects, groups, and
conditions. The patients also performed the KVIQ-k before
each assessment, in the off and on conditions.

Behavioral analysis

Because of the limited sample size, non-parametric sta-
tistics were used, Wilcoxon tests for within-group, and
Mann–Whitney tests for between-group, comparisons. To
ascertain the effect of levodopa on the patients’ motor
signs, the off and on clinical scores were compared. The
averaged KVIQ-k scores before (k1) and after (k2) training,
and with (k-on) or without (k-off) treatment in patients,
were compared within groups (KVIQ-k1 vs. KVIQ-k2 for
both groups; KVIQ-k-off vs. KVIQ-k-on; KVIQ-k-off vs.
KVIQ-k1; KVIQ-k-off vs. KVIQ-k2; KVIQ-k-on vs. KVIQ-k1;
KVIQ-k-on vs. KVIQ-k2 for patients) and between groups
(KVIQ-k1-controls vs. KVIQ-k1-patients; KVIQ-k2-controls vs.

KVIQ-k2-patients; KVIQ-k1-controls vs. KVIQ-k-off; KVIQ-k1-controls

vs. KVIQ-k-on; KVIQ-k2-controls vs. KVIQ-k-off; KVIQ-k2-controls

vs. KVIQ-k-on). Comparisons between the KVIQ-k and
KVIQ-v scores were also performed both within (KVIQ-k1

vs. KVIQ-v; KVIQ-k2 vs. KVIQ-v for all groups; KVIQ-k-off

vs. KVIQ-v; KVIQ-k-on vs. KVIQ-v for patients) and between
(KVIQ-v-controls vs. KVIQ-v-patients) groups.

We also examined the influence of path length and
width on the time needed to perform AW, MI, and VI.
Task duration was defined as the time elapsed between
the two button presses. Mean durations (6SD, in seconds)
were compared to examine the effects of task difficulty
(6 m vs. 10 m; 27 cm vs. 9 cm), condition (off vs. on medi-
cation), and group (controls vs. patients). Statistics were
performed under StatisticaVR (STATISTICA 8, Statsoft,
Tulsa). The significance level was fixed at P< 0.05 with
Bonferroni corrections for multiple comparisons.

PET Session

PET images were acquired while subjects performed
two imagery tasks and a control task. Because of the
limitation in the number of radioactive injections that
subjects can receive, data were collected for the wider
paths only (6 and 10 m). Before scanning, the subjects
were allowed a few training trials. Task performance was
assessed off-line, testing the effects of path length (6 m
vs. 10 m), condition (off vs. on levodopa), and group
(controls vs. patients) on the MI and VI times recorded
during PET-scans.

Experimental procedure

MI of gait. The trial started with a 7-s presentation of a
picture of one of the two paths, showing the starting and
end points. When the picture disappeared, subjects were
asked to close their eyes, imagine standing on the left of
the starting point, then step on the path and walk to the
end mark. They were requested to press a button when
they imagined stepping on the path and again when
reaching the end point. An auditory signal indicated they
could reopen their eyes. A white cross was displayed on
the screen until the next picture (Fig. 2A). This sequence
was repeated three times for each path, for a total of six
randomized trials, in a 2-min block-design. Each block
was triplicated. Electromyographic (EMG) activity of the
right gastrocnemius and tibialis anterior muscles was
recorded to control for the absence of overt leg movements
(NoraxonVR Telemyo 2400, Scottsdale, USA).

Visual imagery. Participants first watched three repeti-
tions of a 9-s movie showing the puck sliding in an
empty corridor. Pictures showing the 6 m*27 cm or 10
m*27 cm paths with the blue puck at the start and the
yellow end mark were then displayed. When the picture
disappeared, subjects were instructed to imagine the blue
puck moving along the path. They were requested to
press the button when the puck started to move and
when it reached the target (Fig. 2A). They performed
three trials for each path, leading to three 2-min blocks
of six randomized trials.

Control task. For the control task (C), participants saw a
photograph of an empty corridor during 7 s, and closed
their eyes when it disappeared. An auditory signal
occurred after a variable-time interval, on which they were
to press the button as fast as possible. They then reopened
their eyes and watched a cross displayed on the screen
until the next trial (Fig. 2B). Three 2-min blocks of six trials
each were collected. This task was introduced to remove
activations related to visual inspection of the pictures,
hearing of the auditory signal, and manual pressure on
the button from the MI and VI brain profiles during data
processing. A reaction-time task was chosen as control to
ensure that the subjects did not perform MI or VI during
acquisitions.
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Figure 2.

Setup and time-course of the tasks during the PET session. (A)

Time course of the MI and VI trials—For each task, after

inspecting (7 s) a picture representing one of the two paths (6

m*27 cm or 10 m*27 cm), subjects were asked to close their

eyes and imagine standing on the left of the green square (MI

trials) or blue puck (VI trials). During MI trials they were asked

to imagine walking along the path from the green square (start-

ing point) to the yellow square (end point) using a kinesthetic

perspective, and to press a button when they started and fin-

ished their mental gait. Patients were instructed to imagine

walking in their current motor state. During the VI trials, sub-

jects had to imagine seeing the blue puck moving along the

paths, and press the button when they imagined the puck start-

ing to move and reaching the yellow square. The time elapsed

between the two button presses was taken as the time needed

to perform the task. An auditory signal indicated that the sub-

jects could reopen their eyes. The auditory signal was issued

14 s (for the 6 m*27 cm path) or 18 s (for the 10 m*27 cm

path) after the beginning of the trial (i.e., the disappearance of

the picture). A white cross on the screen announced the next

trial. This sequence was repeated six times during a block (3

randomly ordered trials for each path) [adapted from Bakker

et al., 2008; Snijders et al., 2011]. (B) Time course of the con-

trol task—Subjects were asked to inspect a neutral image, that

is, a picture of an empty corridor, close their eyes when the pic-

ture disappeared and press the button as soon as possible when

they heard an auditory signal presented after a variable time-

interval. They then reopened their eyes and waited for a new

auditory signal. [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com.]
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Scanning procedure and data collection

Subjects were positioned supine on the scanner bed,
head maintained. A camera allowed control of the head’s
position before and after each acquisition. PET-scans were
acquired on a PET/CT tomograph (Siemens Biograph
mCT/S 64—with a spatial transverse resolution of
4.4 mm) at the CERMEP cyclotron centre (Bron, France) in
a 3D mode during 90 min. In total, nine scans were
obtained for the controls and 18 scans (9 in each condition)
for the patients. For each scan, the rCBF was measured by
recording the radioactivity distribution after a bolus injec-
tion of 7 mCi (270 MBq) of [H2

150] over 10 s through an
intravenous catheter. Emission data were collected for
90 s, starting 30 s after injection. The tasks started a few
seconds before scanning. A 10-min interval between scans
allowed for adequate radioactivity decay. Before acquisi-
tions, a low-dose CT-scan (<0.3 mSV) was carried out.
After scanning, the participants reported the ease with
which they had performed the tasks (intensity of per-
ceived sensations for MI, and clarity of images for VI). The
patients also reported the occurrence of imagined FoG.

PET images processing

After scanning, PET data were reconstructed using the
CT-scan to correct for tissue attenuation. Only the first
60 s of each scan—corresponding to the maximum of the
radioactivity—were retained. Images displayed a transax-
ial resolution of 5 mm FWHM in a 200 3 200 pixel-matrix,
resulting in 109 slices generating approximately voxel size
of 2 3 2 3 2 mm. To perform a parametric analysis of the
images [Friston et al., 1994], data were then preprocessed
as follows using the SPM8 software (Statistical Parametric
Mapping, Wellcome Department for Cognitive Neuro-
science, London, UK) implemented in MatlabVR 7.1 (Math
Works, Natick, MA): (1) for each subject, all images were
spatially realigned to the first volume acquired to correct
for interscan head movements and a mean image was
then generated; (2) the mean image was first normalized
onto the standard PET Montreal Neurological Institute
(MNI) space template, and the normalization parameters
were then applied to the individual images; and (3) the
normalized images were thereafter smoothed using an iso-
tropic Gaussian Kernel filter (10 mm FWHM) to reduce
the variance due to interindividual anatomical variability
and to improve the signal/noise ratio in individual data.
Global flow variations across subjects and scans were
removed by proportionally scaling each image to have an
arbitrary level of 50 mL/100 mL/min.

PET analysis

To examine the effects of Parkinson’s disease and levo-
dopa on each imagery task, a multisubjects x conditions
and covariates model was used. More precisely, a flexible

factorial design based on repeated measures ANOVAs
was used for both within and between-group statistical
comparisons.

Within-group analysis. For each group, we assessed the
global increase of rCBF associated with MI and VI, com-
pared with C, using the contrasts [MI-C] and [VI-C]. We
also studied the increase and decrease of rCBF related to
MI compared to VI with the [(MI-C)-(VI-C)] and [(VI-C)-
(MI-C)] contrasts, respectively.

Influence of levodopa. To reveal the effect of levodopa
on the patients’ activation profiles, we examined the
increase and decrease of rCBF associated with MI and VI,
compared with C, using the contrasts [(MI-C)patients-on-(MI-
C)patients-off], [(VI-C)patients-on-(VI-C)patients-off], [(MI-C)patients-off -
(MI-C)patients-on], and [(VI-C)patients-off-(VI-C)patients-on].

Between-group comparisons. To assess the impact of
Parkinson’s disease on brain profiles, we examined
the increase and the decrease of rCBF associated with
MI and VI in patients off compared to controls, using the
contrasts [(MI-C)patients-off-(MI-C)controls], [(VI-C)patients-off -(VI-
C)controls], and [(MI-C)controls-(MI-C)patients-off], [(VI-C)controls-
(VI-C)patients-off].

Statistical analysis

Global changes in rCBF were covaried out for all voxels.
Because of a priori hypotheses regarding the involvement
of cortical (mainly in frontal, premotor, and motor areas),
subcortical (thalamus and BG), and brainstem regions, an
uncorrected threshold (P< 0.001) for multiple comparisons
across the whole brain (Z-scores> 3.10) was applied at the
voxel level using flexible factorial design with the linear
contrasts defined above. This level of significance has been
used in previous neuroimaging studies having used MI
method with a similar, or higher, number of subjects [e.g.,
Guillot et al., 2009; Jahn et al., 2004; Karachi et al., 2010,
2012; Malouin et al., 2003; Samuel et al., 2001; Thobois
et al., 2000, 2002; van der Meulen et al., 2014]. Only voxels
exceeding a threshold of a P-value< 0.001 uncorrected and
clusters of a minimum of 20 contiguous voxels were con-
sidered significant. Such combination has been recently
described to be consistent for studying neural changes
with weak amplitudes [Lieberman and Cunningham,
2009], as expected for mental imagery tasks [van der Meu-
len et al., 2014]. To strengthen data, small volume correc-
tions with a radius of 5 mm for the volume of interest
were also applied for brain regions with a strong a priori
hypothesis (i.e., frontal, motor, premotor and parietal
areas, BG, thalamus, cerebellum, and brainstem), irrespec-
tive of the voxel uncorrected P-value, and a voxel-based
FWE-corrected P-value< 0.05 was considered as signifi-
cant. Reported coordinates conform to the MNI space.
Anatomical labels of activated clusters were determined
using the SPM Anatomical Automatic Labeling toolbox
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[Tzourio-Mazoyer et al., 2002] and a probabilistic atlas
[Gousias et al., 2008; Hammers et al., 2003].

RESULTS

Clinical and Behavioral Data

Effect of levodopa on parkinsonian symptoms

All motor scores (MDS-UPDRS III total score, Gait and
FoG items of the MDS-UPDRS III, GABS) were significantly
improved under levodopa (60.6, 83.4, 84, and 67.5, respec-
tively; zwilcoxon 5 2.52; P< 0.02 for all scores; Table I).

MI abilities

KVIQ-k scores were significantly improved after training
in controls [KVIQ-k1 5 38.6 6 5.6; KVIQ-k2 5 42.1 6 4.6;
zWilcoxon 5 2.36; P< 0.02] and patients [KVIQ-k1 5 37.1 6 4.9;
KVIQ-k2 5 41.5 6 5.3; zWilcoxon 5 2.52; P< 0.02], but not dif-
fer between groups, whether before (zMann–Whitney 5 0.94;
P 5 0.38) or after (zMann–Whitney 5 0.37; P 5 0.72) training.
Compared with KVIQ-v scores, the KVIQ-k1 scores did
not statistically differ in both groups [KVIQ-v-controls 5 43.6
6 5.8; zWilcoxon 5 1.05; P 5 0.29; KVIQ-v-patients 5 37.6 6 5.3;
zWilcoxon 5 0.42; P 5 0.67], whereas the KVIQ-k2 scores were
significantly different in patients [zWilcoxon 5 2.20; P< 0.03],
but not in controls [zWilcoxon 5 0.42; P 5 0.67]. The between-
group comparison of the KVIQ-v scores did not reveal any
difference [zMann–Whitney 5 1.79; P 5 0.08].

In patients, the off and on KVIQ-k scores did not signifi-
cantly differ [KVIQ-k-off 5 39.6 6 5.3; KVIQ-k-on 5 39.5 6 4.9;

zWilcoxon 5 0.365; P 5 0.72]. These scores were not statistically
different from their KVIQ-v scores [KVIQ-k-off vs. KVIQ-v-

patients: zWilcoxon 5 0.98; P 5 0.33; KVIQ-k-on vs. KVIQ v-patients:
zWilcoxon 5 1.26; P 5 0.21], and both from the KVIQ-k1 scores
[KVIQ-k-off vs. KVIQ-k1-controls: zMann–Whitney 5 20.10; P 5

0.96; KVIQ-k-on vs. KVIQ-k1-controls: zMann–Whitney 5 0.10;
P 5 0.96] and the KVIQ-k2 scores [KVIQ-k-off vs. KVIQ-
k2-controls: zMann–Whitney 5 0.89; P 5 0.38; KVIQ-on vs. KVIQ-k2-

controls: zMann–Whitney 5 1.05; P 5 0.33] obtained in controls.
However, these scores were significantly different from the
KVIQ-k1 and KVIQ-k2 scores acquired under chronic medica-
tion, for three of the four comparisons performed [KVIQ-k-off

vs. KVIQ-k1-patients: zWilcoxon 5 1.94; P 5 0.052; KVIQ-k-off vs.
KVIQ-k2-patients: zWilcoxon 5 2.02; P< 0.05; KVIQ-k-on vs. KVIQ-
k1-patients: zWilcoxon 5 2.37; P< 0.02; KVIQ-k-on vs. KVIQ-
k2-patients: zWilcoxon 5 2.20; P< 0.03].

Actual and imagined performance

Figure 3 summarizes the behavioral data for all groups,
conditions and tasks. Detailed statistical values are pro-
vided in Table II.

Analyses of the behavioral data revealed a significant
effect of path length for all tasks, whatever the group and
condition. The effect of path width was significant on AW
times in all groups and conditions, and on MI times,
except for untreated patients on the 6 m distance. In con-
trast, path width did not influence VI times. In patients,
AW and MI times, but not VI times, significantly
decreased on levodopa compared to off. Between-groups
comparisons revealed that AW and MI durations differed

Figure 3.

(A–C) Behavioral data. Movement times (in seconds, mean 6 SD)

recorded in all groups and conditions (controls, patients off and

on medication) during the behavioral session for AW, MI and VI

tasks (for the 6 m*27 cm, 6 m*9 cm, 10 m*27 cm, and 10

m*9 cm paths); (D–F) Comparison of the MI and VI times (in

seconds, mean 6 SD) obtained during the behavioral and PET ses-

sions for all groups and conditions (controls, patients off and on

medication), for the 6 m*27 cm and 10 m*27 cm paths.
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TABLE III. MNI coordinates for the main brain areas displaying increased and decreased rCBF during MI of gait in

controls and in patients off medication

Location of the main cerebral areas Coordinates

Functional label Brodmann’s areas (BA) Laterality x, y, z Z2score k

Controls � [(MI2C)2(VI2C)]

Supplementary Motor Area (pre2SMA & SMA)* BA 6 L 26, 10, 50 4.939 130
R 8, 220, 51 3.721 39

Primary motor cortex (M1)* BA 4 R 8, 226, 60 3.734 72
Somatosensory cortex (S1)* BA 1/2/3 R 6, 228, 56 3.968 117
Dorsolateral prefrontal cortex (DLPFC)* BA 9/10/46 L 224, 52, 36 3,534 89

R 30, 48, 30 3.562 76
Orbitofrontal cortex (OFC)* BA 11/12 R 6, 62, 222 3.556 22
Premotor/associative cortex* BA 8 L 26, 40, 49 3.947 50
Ventrolateral prefrontal cortex (VLPFC)* BA 47 L 246, 37, 22 4.050 110

R 46, 36, 213 3.432 23
Dorsal part of anterior cingulate cortex (dACC) BA 32 L 26, 30, 34 4.939 230
Insula ND R 46, 14, 210 4.424 216
Temporal lobe BA 38 L 230, 10, 220 3.617 94
Ventral part of posterior cingulate cortex (PCC) BA 23 L 24, 226, 38 3.872 117
Superior temporal cortex BA 22 L 250, 14, 24 3.439 41
Anterior part of entorhinal cortex BA 34 L 228, 6, 216 3.907 94

R 16, 0, 216 3.565 60
Thalamus* ND L 214, 218, 16 3.217 31
Putamen* ND L 222, 12, 2 3.382 32
Pallidum* ND L 212, 2, 24 3.511 79

Controls � [(VI2C)2(MI2C)]

Lateral premotor cortex (lateral PMC)* BA 6 R 48, 0, 54 3.618 57
Superior parietal lobule (SPL)/Precuneus BA 7 L 222, 260, 58 3.629 40

R 22, 276, 48 4.762 1309
Inferior parietal lobule (IPL)/Supramarginal gyrus* BA 40 L 238, 256, 54 4.036 69
Inferior parietal lobule (IPL)/Angular gyrus* BA 39 R 36, 276, 26 4.596 276
Fusiform gyrus BA 37 L 234, 260, 214 4.331 494

R 62, 250, 224 3.475 20
Primary visual cortex BA 17 L 212, 296, 6 3.679 281

R 8, 284, 8 3.546 1111
Secondary visual cortex BA 18 L 212, 282, 22 5.817 5237

R 6, 272, 0 6.128 5237
Associative visual cortex BA 19 L 236, 280, 22 5.565 5237

R 36, 278, 24 5.795 13.9
Cerebellum (hemisphere)/Paravermis* ND L 210, 268, 216 3.410 26

Patients off medication � [(MI2C)2(VI2C)]

Supplementary Motor Area (caudal SMA)* BA 6 L 210, 214, 62 3.540 30
Lateral premotor cortex (lateral PMC)* BA 6 L 246, 8, 46 3.543 226
Somatosensory cortex (S1)* BA 1/2/3 R 34, 220, 44 3.287 20
Dorsolateral prefrontal cortex (DLPFC)* BA 9/10/46 R 19, 49, 24 3.501 31
Orbitofrontal cortex (OFC)* BA 11/12 R 22, 54, 218 3.378 27
Ventrolateral prefrontal cortex (VLPFC)* BA 47 R 48, 32, 26 3.214 20
Ventral part of anterior cingulate cortex (vACC) BA 24 R 4, 35, 12 3.343 21
Dorsal part of anterior cingulate cortex (dACC) BA 32 R 10, 46, 22 4.180 71
Superior parietal lobule (SPL)/Paracentral lobule* BA 5 R 18, 245, 72 3.360 125
Temporal pole BA 38 L 236, 14, 222 3.425 20

R 34, 8, 215 3.606 23
Superior temporal cortex BA 22 L 250, 210, 29 4.472 226
Anterior part of entorhinal cortex BA 34 R 27, 21, 220 3.392 48
Ponto2mesencephalic tegmentum* ND R 12, 210, 216 4.510 244

R 6, 226, 226 3.845 28
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between controls and patients off, but not between controls
and patients on, except for MI on the 6 m by 9 cm path,
where patients, although they imagined walking faster
than when off treatment, remained slower than controls.
VI times did not differ between groups or conditions.
Thus, overall, the behavioral data confirmed that AW and
MI times increased with path length and decreased with
path width, whatever the group and condition. In contrast,
as expected, VI times were only influenced by path length.

Regarding the imagery duration data acquired during
the PET session, analyses revealed a significant effect of
path length on MI and VI times for all groups and condi-
tions. In patients, the effect of condition was also signifi-
cant on both MI and VI times. There was no difference of
either MI or VI times between controls and patients,
whether off or on.

PET Data

EMG recordings confirmed that subjects did not pro-
duce any overt leg movements during PET-scans.

Within-group analysis

In controls, gait imagery, compared with VI, revealed
greater recruitment of motor and somatosensory regions
(i.e., left rostral supplementary motor area (pre-SMA),
right caudal SMA, right motor (M1), right somatosensory
(S1) cortices), associative areas [i.e., bilateral dorsolateral
(DLPFC) and ventrolateral (VLPFC) prefrontal cortices,
right orbitofrontal (OFC) cortex], left dorsal anterior
(dACC) and ventral posterior (vPCC) cingulate cortices,
right insula, temporal areas, as well as left thalamus, puta-
men, and pallidum. In patients off, compared to VI, MI of
gait elicited greater activations in the left caudal SMA, lat-
eral premotor cortex (PMC), and right S1, DLPFC, VLPFC,
OFC, ventral ACC (vACC), dACC, superior parietal lobule

(SPL), and pontomesencephalic area. Relative to MI, VI
mainly engaged parieto-occipital and cerebellar regions in
all groups (Table III).

Effect of levodopa

During MI of gait compared to C, levodopa intake led to
increased rCBF within the left pre-SMA, DLPFC and thala-
mus, and in the right M1, lateral PMC, PCC, putamen and
cerebellum, as well as decreased rCBF within the caudal
SMA, left lateral PMC, in the right DLPFC, dACC, SPL and
pontomesencephalic area. Under medication, VI-related
activations were stronger within the left SPL, inferior parie-
tal, superior temporal cortices, in the right cerebellum, and
in occipital regions. No areas were more involved in the off
than in the on condition (Table IV and Fig. 4).

Between-group comparisons

Relative to controls, gait imagery in patients off led to
greater activation in the left caudal SMA, lateral PMC, and
right dACC, SPL, and pontomesencephalic area. Activation
was reduced in the pre-SMA, DLPFC, the left dACC and the
right M1, S1, lateral PMC, insula, thalamus, putamen, cerebel-
lum, and red nucleus. In patients, VI-related activity was
stronger in the left frontal cortex, and reduced in the right lat-
eral PMC, VLPFC, SPL and cerebellum (Table V and Fig. 5).

DISCUSSION

The primary purpose of this study was to examine the
influence of levodopa on the networks involved in MI of
gait in advanced Parkinson’s disease. Our results con-
firmed prior works, showing that imagined parkinsonian
gait disturbances are related to decreased brain activa-
tions in motor and frontal associative areas, BG, thalamus
and cerebellum, and increased activations within

TABLE III. (continued).

Location of the main cerebral areas Coordinates

Functional label Brodmann’s areas (BA) Laterality x, y, z Z2score k

Patients off medication � [(VI2C)2(MI2C)]

Superior parietal lobule (SPL)/Precuneus* BA 7 L 26, 270, 60 3.750 30
Primary visual cortex BA 17 L 210, 292, 24 4.108 342

R 12, 292, 6 5.826 1824
Secondary visual cortex BA 18 L 216, 284, 0 3.835 342

R 28, 290, 212 4.806 1824
Associative visual cortex BA 19 R 28, 272, 26 3.813 56
Cerebellum (hemisphere)/Paravermis* ND L 220, 240, 250 3.983 57

R 16, 282, 236 3.685 80

Abbreviations: k 5 cluster size (number of voxels); L 5 left; ND 5 no defined as Brodmann’s Areas; R 5 right.
The stereotaxic coordinates, reported in the MNI space, represent the peak voxel within a cluster that was present above the statistical threshold
in the whole2brain analysis. Z2scores indicate the statistical value of the most significant voxel in the associated cluster at a P2value< 0.001
uncorrected and k> 20 contiguous voxels. The regions which survived at a FWE2corrected P2value in the whole2brain analysis are indicated
in italics. The asterisk points out the brain areas which survived at a FWE2corrected P2value after small volume correction.
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premotor-parietal cortices and pontomesencephalic teg-
mentum, relative to controls. Levodopa mostly restored
activations in the primary motor cortex, BG, thalamus
and cerebellum. Before discussing our results, it must be
kept in mind that, despite careful training of the subjects
to MI, and as much as possible indirect measures of MI
quality within the scanner, the present study still repre-
sents an indirect approach to actual PD gait impairments.
We will examine methodological issues before discussing
the modulation by levodopa of frontostriatal networks,

premotor-parietal and mesencephalic regions, and the sig-
nificance of reduced activation of the cerebellum in brain
activity related to levodopa-responsive parkinsonian gait
disorders.

Validation of the Research Design

Behavioral data confirmed that patients with advanced
Parkinson’s disease had preserved MI abilities, and were

Figure 4.

Brain areas with decreased (A) and increased (B) rCBF induced by

MI of gait-related activity in patients on medication relative to off

(Statistical t-maps were thresholded to a P-value< 0.001 uncor-

rected, with a minimal cluster size k 5 20). Caudal SMA 5 caudal

part of supplementary motor area; lateral PMC 5 lateral premotor

cortex; L 5 left; M1 5 primary motor cortex; R 5 right; SPL 5

superior parietal lobule; x 5 medio-lateral, y 5 rostro-caudal, z 5

dorso-ventral coordinates according to the MNI space. [Color fig-

ure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]
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able to adequately perform MI from a kinesthetic perspec-
tive. Comparison of the KVIQ scores showed similar visual
and kinesthetic aptitudes in our patients, independent of
medication status, and age-matched healthy individuals, as
previously reported [Heremans et al., 2011; Maillet et al.,
2013; Peterson et al., 2012; Pickett et al., 2013]. In both
groups, the kinesthetic ability further improved with train-
ing, suggesting that it is possible to increase the reliability of
neuroimaging using MI by providing adequate training.
Our data also confirmed that parkinsonian patients can

imagine moving in their actual motor state, which is impor-
tant for study designs based on MI. Finally, the lack of
difference in kinesthetic ability between controls and
patients enables comparison of gait-related brain activities
between the groups without confounds due to MI perform-
ance itself.

Regarding the experimental protocol, analysis of task
duration confirmed that both actual and imagined gait
were similarly affected by the characteristics of the paths
in all groups and conditions, as expected from previous

Figure 5.

Brain areas with decreased (A) and increased (B) rCBF induced

by MI of gait-related activity in patients off medication relative

to controls (statistical t-maps were thresholded to a P-val-

ue< 0.001 uncorrected, with a minimal cluster size k 5 20).

ACC 5 anterior cingulate cortex; Caudal SMA 5 caudal part of

supplementary motor area; DLPFC 5 dorsolateral prefrontal

cortex; lateral PMC 5 lateral premotor cortex; L 5 left;

M1 5 primary motor cortex; pre-SMA 5 rostral part of supple-

mentary area; R 5 right; SPL 5 superior parietal lobule;

x 5 medio-lateral; y 5 rostro-caudal; z 5 dorso-ventral coordi-

nates according to the MNI space. [Color figure can be viewed

in the online issue, which is available at wileyonlinelibrary.com.]
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works [Maillet et al., 2013; Snijders et al., 2011]. Further-
more, VI times were only modulated by path length, and
not by path width. In other words, only MI shared the
properties of actual movement. This difference confirms
that participants deployed different mental activities dur-
ing the two tasks. Such control was important as the meth-
odological constraints of PET did not allow the use of the
narrow paths during brain acquisitions.

MI and VI activated different networks, confirming that
VI is an adequate behavioral control during brain acquisi-
tions. The VI task was included to control for brain activa-
tions associated to nonspecific aspects of the mental
processes. Although MI revealed activity within the M1
and S1 cortices, VI mostly involved the parieto-occipital
areas. The M1 paramedian location corresponds to the
lower limbs’ area of Penfield’s homunculus (1954). EMG
recordings confirmed that the motor activations seen during
MI did not result from actual movements. Such motor acti-
vations during gait imagery have already been reported
[Karachi et al., 2012; Malouin et al., 2003; Miyai et al., 2001;
Sacco et al., 2006; van der Meulen et al., 2014], and could
thus be specifically related to the use of kinesthetic MI.

Neural Substrates of Parkinsonian Gait Disorders

In controls, MI of gait recruited a widespread supraspinal
network, including motor and frontal associative areas,
cingulate and insular cortices, the BG, thalamus, cerebel-
lum, and red nucleus, consistent with the well-documented
cortico-subcortical circuitry previously reported for healthy
natural gait [e.g., Allali et al., 2014; Bakker et al., 2008;
Cr�emers et al., 2011, 2012; Karachi et al., 2010, 2012;
La Fougère et al., 2010; Malouin et al., 2003; Snijders et al.,
2011; van der Meulen et al., 2014; see Maillet et al., 2012a].
Relative to controls, patients off medication mostly exhibited
a hypoactivation of a right frontal-motor network, putamen,
thalamus, and cerebellum, together with increased recruit-
ment of premotor, parietal and mesencephalic regions
when performing gait imagery. Thus, the cerebral activity
related to parkinsonian levodopa-responsive gait disorders,
including FoG, is linked with disrupted functioning of sev-
eral areas at the cortical, subcortical and brainstem levels of
the locomotor system.

Decreased gait-related cerebral activity in advanced
Parkinson’s disease

The frontostriatal hypoactivation observed in patients
off, already described for actual and imagined upper-
limbs movements in Parkinson’s disease [Buhmann
et al., 2003; Jahanshahi et al., 2010; Sabatini et al., 2000;
Wu and Hallet, 2005; Wu et al., 2010] is usually inter-
preted as a direct consequence of the degeneration of
the dopaminergic neurons in both the substantia
nigra pars compacta and the ventral tegmental area,
disturbing the motor and associative cortico-subcortical

pathways. In keeping with these findings, previous
studies have shown reduced activity, or metabolism, in
several structures of this network (i.e., the pre-SMA,
sensorimotor and OFC cortices, putamen, caudate
nucleus, globus pallidus) in patients with gait disor-
ders, at rest and during actual and imagined gait, or in
a virtual reality gait proxy task [Bartels et al., 2006;
Hanakawa et al., 1999a,b; Imamura et al., 2012; Matsui
et al., 2005; Mito et al., 2006; Ouchi et al., 2001; Peter-
son et al., 2014a,b; Snijders et al., 2011; Shine et al.,
2013a,b]. Other works have also shown atrophy and
reduced connectivity in the frontostriatal network of
patients with gait difficulties, compared to those with-
out, or compared to controls [Fling et al., 2013; Herman
et al., 2014; Kostic et al., 2012; Rosenberg-Katz et al.,
2013; Shine et al., 2013b; Tessitore et al., 2012a,b].

Thus, the reduced activation observed within the BG

during imagined gait in patients off medication is consist-

ent with a disconnection, or at least an abnormal commu-

nication, between subcortical and cortical areas, as one

possible key mechanisms of parkinsonian gait disorders

[Bohnen and Jahn, 2013; Lewis and Barker, 2009; Shine

et al., 2013 a,b,c]. Indeed, as the BG are involved in self-

generated step initiation, automaticity of gait processes,

and integrative control of locomotion, disruption of these

regions in Parkinson’s disease would impair gait [Bohnen

and Jahn, 2013; Shine et al., 2013 a,b,c; Takakusaki et al.,

2004, 2008]. The thalamic deactivation observed in patients

off is also in line with such subcortico-thalamic-cortical

failure. Previous reports have highlighted the role of the

thalamus in postural control and maintenance of an erect

posture [Jahn et al., 2004, 2008; Muller et al., 2013], while

others have suggested that a thalamic hypoactivation, or

atrophy, could contribute to gait disorders, FoG, and to an

increased risk of falling in Parkinson’s disease [Bohnen

et al., 2009, 2012; Fling et al., 2013; Sunwoo et al., 2013].
At the cortical level, the activation deficits observed

within M1, pre-SMA, DLPFC, and ACC in patients off also
points to a disruption of the motor and nonmotor cortico-
subcortical pathways in imagined parkinsonian gait disor-
ders. Alteration of the motor circuit could be responsible
for deficits in sensorimotor integration, voluntary
action, or motor planning [Benecke et al., 1987; Cunning-
ton et al., 1996; Knobl et al., 2011] inducing impaired sym-
metry, rhythmicity, and bilateral coordination during
parkinsonian gait [Iansek et al., 2006; Jacobs et al., 2009].
The decreased step length has been linked to pre-SMA
hypoactivation, a hypothesized substrate of hypokinesia
[Nachev et al., 2008; Sabatini et al., 2000], in relation with
a defective maintenance by the BG [Chee et al., 2009;
Snijders et al., 2011]. In addition, it has been shown that
adequate executive, and therefore frontal lobe, functioning
is required for efficient gait [Amboni et al., 2008; Collette
et al., 2006; Yogev-Seligmann et al., 2008]. Although our
patients were screened for preserved executive function,
suggesting that the mental representation of their gait
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difficulties did not mainly depend on cognitive processing
alterations, one cannot exclude that a disruption of the
associative and limbic frontostriatal loops might contribute
to difficulties in updating action plans or adjusting the
time-course of movements [Dirnberger and Jahanshahi,
2013; Helmich et al., 2009; Snijders et al., 2011]. The ACC
hypoactivation could explain the reduced capacity of
patients to switch from one action to another, which may
be important during gait [Naismith et al., 2010; Shine
et al., 2013b,c]. Levodopa reversed the M1, pre-SMA, tha-
lamic and putaminal hypoactivations observed during MI
of gait disorders, restoring a better connectivity between
motor cortical and subcortical areas [Shine et al., 2013b],
together with improved actual gait performance.

The reduced activation in the DLPFC, normally involved
in response selection [Frith et al., 2000; Jahanshahi et al.,
2000], could also be a hallmark of brain activity related to
parkinsonian gait impairments, although the precise role of
the DLPFC in these gait disorders is not clear. Shine et al.
[2013a] reported its bilateral overactivation in patients with
FoG and suggested a compensatory mechanism involving
the recruitment of high-level cognitive control. Hence, fron-
tal involvement could reflect an attempt at counterbalanc-
ing the loss of automaticity through goal-directed behavior
[Lewis and Barker, 2009; Shine et al. 2013a,c]. We, however,
observed hypoactivation of the DLPFC. The discrepancy
between our and Shine et al. [2013a,c] results could be
related to differences in methodology, patients’ characteris-
tics (i.e., disease duration and levodopa-responsiveness of
gait symptoms), and also to the fact that Shine et al. [2013a]
specifically examined brain activations during FoG epi-
sodes, while we aimed at better understanding the brain
networks disrupted in levodopa responsive gait disorders.

Finally, our study also supports the notion that cerebral
activity related to parkinsonian gait disorders could be
associated with a predominant functional deficit within
the right hemisphere. This is of interest as several previous
studies have indeed reported a structural and functional
impairment of this hemisphere in patients suffering from
gait disorders and freezing, both in cortical (that is, in
fronto-parieto-occipital areas) and subcortical (BG, cerebel-
lum, brainstem) structures [Bartels and Leenders, 2008;
Bartels et al., 2006; Cr�emers et al., 2012; Fling et al., 2013;
Peterson et al., 2014b; Snijders et al., 2011; Tessitore et al.,
2012a]. Such result is also in line with the right hemi-
spheric predominance in visuo-spatial and attentional
processes [Cr�emers et al., 2011; Foxe et al., 2003].

Increased gait-related cerebral activity in advanced
Parkinson’s disease

Our results provide evidence of an increased recruit-
ment of premotor-parietal and pontomesencephalic areas
during MI of gait in patients off medication, relative to
controls. These results are in keeping with those of previ-
ous neuroimaging studies relying on actual gait or virtual
reality gait proxy [Hanakawa et al., 1999a; Shine et al.,

2013a]. In contrast, Snijders et al. [2011] reported a parietal
deactivation during imagined gait in patients off medica-
tion. Once again, comparing data is difficult as previous
authors did not distinguish between levodopa-responsive
and levodopa-resistant FoG, which is likely to have a sig-
nificant bearing on gait-related brain activation profiles.

The premotor-parietal overactivation, already reported
for upper-limb movements [Frackowiak et al., 2003;
Haslinger et al., 2001; Jahanshahi et al., 2010; Maillet et al.,
2012b; Sabatini et al., 2000; Samuel et al., 1997; Wu and
Hallet, 2005; Wu et al., 2010; Yu et al., 2007], could reflect
an attempt at compensating for frontostriatal disruption.
Indeed, the lateral PMC is known to be involved in action
programming, visuo-motor coordination and propriocep-
tive integration [Rizzolatti et al., 1988] through its connec-
tions with the parietal cortex, which is involved in visuo-
spatial processing [Fletcher et al., 1995]. Particularly, the
possible compensatory role of the left lateral PMC is sup-
ported here by its overactivation in patients off medication
compared to controls, and the reduction of its activation
under levodopa, concomitantly with imagined gait
improvement. Thus, we could discuss an imbalance
between the right and left hemisphere, and a specific com-
pensation by the left lateral PMC, as previously suggested
in another study on paradoxical gait in PD [Hanakawa
et al., 1999a]. Moreover, the caudal SMA also receives
inputs from the parietal cortex [Luppino et al., 1993]. Its
hyperactivity in patients off could therefore contribute to
overcoming the M1 and pre-SMA deficits, supporting the
compensatory hypothesis [Sabatini et al., 2000].

According to this hypothesis, the functional switch from
the deficient nigro-striatal loop, involved in self-generated
actions, to a better preserved and functional circuit con-
trolling execution of visually guided movements, would
enable execution of a formerly automatic action under con-
scious control. This idea is supported by the beneficial
effect of visual cues on actual parkinsonian gait [Azulay
et al., 2006; Lee et al., 2012; Nieuwboer, 2008; Park et al.,
2014], mediated by the recruitment of this lateral parietal-
premotor circuit [Azulay et al., 1999; Hanakawa et al.
1999a]. Finally, the reduced activation of the frontoparietal
network under levodopa suggests that this recruitment is
no longer useful when the frontostriatal loop functioning
is partly restored. The same effect has already been
reported for real and imagined upper-limb movements in
Parkinson’s disease [Cools et al., 2002; Haslinger et al.,
2001; Jenkins et al., 1992; Kraft et al., 2009; Maillet et al.,
2012b]. Ours is however, the first study to demonstrate it
for MI of gait in advanced Parkinson’s disease. Cortical or
transcranial magnetic stimulation studies will be needed
to confirm the hypothetical compensatory role of these
areas in parkinsonian gait disorders.

The pontomesencephalic overactivation observed in
patients without treatment was suppressed by levodopa,
which could suggest another possible subcortical compen-
satory mechanism to counterbalance the frontostriatal defi-
cit responsible for parkinsonian gait disorders. This result
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is consistent with those of Snijders et al. [2011] and
Cr�emers et al. [2012], but not with those of Shine et al.
[2013a] and Peterson et al. [2014b]. Again, such inconsis-
tent findings may relate to the different activation tasks
and neuroimaging techniques used, as well as to the clini-
cal characteristics of the patients. Actually, it is not possi-
ble to ascertain whether the pontomesencephalic area
plays a compensatory or pathogenic role here. Indeed,
within this specific region, the area overactivated in the
“patients off medication versus controls” contrast differs in
terms of topography from the one observed in the
“patients off medication versus patients on medication”
contrast. It is therefore difficult to conclude that dopami-
nergic treatment improves gait disorders by normalizing a
pathological pontomesencephalic overactivation. In addi-
tion, given the high individual anatomical variability in the
brainstem, even more pronounced in PD patients—as this
region in known to be atrophied in subjects suffering from
gait disorders [Chastan et al., 2009; Snijders et al., 2011]—,
the unavailability of recent and specific atlas for this struc-
ture, as well as the difficulty to study this region using PET
technique (due to the limited spatial resolution and the
impact of data preprocessing), we should remain extremely
cautious regarding the pathophysiological interpretation of
these activation changes within the brainstem. Further stud-
ies will be therefore, needed to better understand the role
of brainstem structures in the pathophysiology of parkinso-
nian gait disorders.

A cerebellar involvement in parkinsonian

gait disorders?

Another important finding of our study is the contribu-
tion of the cerebello-thalamo-cortical loop to the brain
activity related to the pathophysiology of parkinsonian
gait. Indeed, we observed a right cerebellar hemisphere
activation during gait imagery in controls and in patients
on, but not in patients off. A cerebellar hypoactivation has
been previously reported during actual [Hanakawa et al.,
1999b], and imagined [Cr�emers et al., 2012; Peterson et al.,
2014b] gait, while the cerebellum has also been shown to
have reduced connectivity with other areas involved in
motor control [Fling et al., 2013; Schweder et al., 2010] in
patients with gait disorders. The BG and cerebellum are
known to modulate both motor and nonmotor aspects of
behavior through two anatomically distinct but intercon-
nected loops [Bostan et al., 2010; Middleton and Strick,
2000; Wu and Hallett, 2013]. The cerebellum is particularly
involved in balance control [Gilman et al., 2010; Morton
and Bastian, 2004], real-time motor adjustments based on
sensorimotor and visual informations [Blakemore and Sir-
igu, 2003; Purzner et al., 2007; Takakusaki, 2013], and reg-
ulation of on-going movement velocity and rhythm
[Nadkarni et al., 2014; Takakusaki, 2013]. Its increased
activity under medication might thus be related to
enhanced limb co-ordination during gait imagery in
patients, in link with the partial restoration of the BG

circuit. The improvement of motor function and FoG in
patients with levodopa-resistant signs, related to an
increased activity or connectivity of the SMA, thalamus,
and cerebellum under pedunculopontine nucleus stimula-
tion [Ballanger et al., 2009; Schweder et al., 2010; Strafella
et al., 2008; Thevathasan et al., 2012a,b] also supports the
hypothesis of a combined BG and cerebellar dysfunction
in link with advanced parkinsonian gait disorders.

CONCLUSION

A better understanding of the neural correlates of par-
kinsonian gait disturbances is needed for the development
of more efficient therapeutic strategies. The results of our
study based on kinesthetic imagery approach show that
brain disruption related to levodopa-responsive parkinso-
nian gait disorders might be precipitated by dysfunction
across coordinated motor and cognitive neural networks,
resulting in both frontostriatal disruption and abnormal
recruitment of premotor-parietal and pontomesencephalic
regions. Levodopa restores a more physiological brain acti-
vation profile, and suppresses the recruitment of the acces-
sory circuits. Similar results have been reported for actual
and imagined upper-limb movements in Parkinson’s dis-
ease, suggesting common pathophysiological mechanisms.
In the future, it would be of great interest to explore the
anatomo-functional basis of levodopa-resistant parkinso-
nian gait disorders.
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